We evaluated the effects of high-frequency repetitive transcranial magnetic stimulation (rTMS) over the primary motor cortex (M1) at different stimulus intensities on finger sequences of varying complexity. Eighteen subjects played unimanual finger sequences of different complexity on an electronic piano. For each finger sequence, 16 notes were played to the 2 Hz beat of a metronome. After the first four notes, rTMS was applied to the scalp location overlying the hand motor representation for approximately 2 s. Accuracy and timing errors were analysed. Stimulation over the M1 had a differential effect on sequences of different complexity. Stimulus intensities capable of disrupting the performance of a complex sequence did not affect simple sequences.
Introduction
Traditionally, the primary motor cortex (M1) has been considered an executive locus for simple voluntary movements. For example, Asanuma (1989) suggested that the M1 sends commands to individual muscles, which then generate elemental forces and movements. Goldring and Ratcheson (1972) called the M1 a 'final common path determiner of movement'. This concept has recently been challenged. Data from animal experiments and neuroimaging studies in humans suggest that the M1 might generate commands of greater complexity (Donoghue and Sanes, 1994; Georgopoulos, 1994; Kawashima and Fukuda, 1994) .
There is recent evidence that the command functions of the M1 operate at a relatively high hierarchical level. Inactivation of the M1 in the cat significantly alters kinematic planning and the adaptive control of prehension movements . Lesion studies
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To disrupt simple sequences, the stimulus strength had to be augmented. This effect was characteristic of the contralateral M1 position (five other scalp locations were also stimulated). It is argued that the differential effect of rTMS on simple and complex sequences is probably due to interference with M1 function. Interference with the lateral premotor cortex (PMC) may play an additional role. The particular relevance of the M1 is supported by results in a patient with PMC stroke. The present findings suggest that the human M1 plays a greater role in the performance of complex than of simple finger movement sequences. One possible explanation could be that the human M1 is not only an executive motor area but can also contribute to movement sequence organization.
and single-neuron recordings in the monkey suggest that the M1 may play an important role in precise spatiotemporal patterning and the planning of muscle activity during steptracking movements (Alexander and Crutcher, 1990b; Hoffman and Strick, 1995) . Based on PET findings, proposed that subregions of the human M1 [and the premotor cortex (PMC)] are involved in processes such as preparation for reaching and in learning. Karni et al. (1995) , using functional MRI (fMRI), and Pascual- Leone et al. (1995) , using single-pulse transcranial magnetic stimulation (TMS) to map motor representations of hand muscles, found changes in the M1 related to the learning of movement sequences. Therefore, it is possible that the M1 is also involved in processing aspects of motor behaviour complexity. This notion is supported by some reports (Neshige et al., 1988; Ikeda et al., 1992; Kitamura et al., 1993a, b; Rao et al., 1993; Shibasaki et al., 1993) , but not by others (Roland et al., 1980; Mazziotta and Phelps, 1984; Colebatch et al., 1991; Grafton et al., 1992) . Accordingly, the extent of M1 involvement in organizing complex versus simple movements or movement sequences in humans is still unclear. For the purpose of the present study, the term 'complexity' was used to describe varying degrees of difficulty of finger movement sequences on a keyboard which differed by more or less complicated transitions between key presses.
Repetitive TMS (rTMS) is a non-invasive means of temporarily interfering with local cortical function (PascualLeone et al., 1991 (PascualLeone et al., , 1994 Grafman et al., 1994; Cohen et al., 1997) . Stimulation over the region of the M1 can interfere with motor output Gerloff et al., 1997) . If the M1 processes aspects of movement complexity such that it is more involved in the generation of more complex movement sequences, then transient disturbance of the M1 by rTMS should interfere more extensively with complex than with simple movement sequences. To test this hypothesis, we applied rTMS systematically to the scalp overlying the M1 and to other scalp positions in a group of normal subjects while they performed finger sequences of different complexity on an electronic piano.
Method
The study consisted of two main experiments on the effects of rTMS on three finger sequences of different complexity and six control experiments. The control experiments addressed the reproducibility of rTMS error induction, the correlation of rTMS-induced EMG activity with rTMS effects on task performance, the effects of rTMS on different fingers, the influence of peripheral muscular and mechanical interference with sequence performance, the role of sensory feedback in task performance, and the effects of rTMS over the M1 in a stroke patient with a chronic lesion of the left PMC.
Subjects
We studied 18 healthy subjects (nine men, nine women), aged 21-64 (median, 39.5) years, and two patients. According to the Edinburgh inventory (Oldfield, 1971) , 16 subjects were right-handed and two were ambidextrous. The two patients were right-handed. The subjects and patients were naive to the experimental purpose of the study and did not regularly play the piano. The protocol was approved by the National Institutes of Health, NINDS Review Board and the subjects gave their written informed consent for the study.
Experiments 1 and 2 Finger sequences
Subjects played three finger sequences of different complexity with the right hand. The fingers were numbered as follows: little finger, 5; ring finger, 4; middle finger, 3; index finger, 2. The sequences were practised until each subject could perform them from memory 10 times in a row without errors. Common elements in all sequences included rate (2 Hz), mode of external pacing (metronome, acoustic) and total number of key presses (16, resulting in a sequence duration of~8 s). In each experiment the finger sequences were played in random order.
In experiment 1, subjects repetitively pressed one key using the index finger (2-2-2-2-2-2-2-2-2-2-2-2-2-2-2-2), which was called the 'simple sequence', and played four consecutive notes in a scale-like manner using four fingers (5-4-3-2-5-4-3-2-5-4-3-2-5-4-3-2), which was called the 'scale sequence' (Fig. 1) . The scale sequence was considered more difficult than the simple sequence because four fingers were used consecutively rather than one finger repetitively.
In experiment 2, subjects performed the scale sequence as in experiment 1 and a more complicated sequence using four fingers in a non-consecutive, non-repetitive order (2-5-4-3-3-5-2-4-5-2-3-4-4-2-5-3) ( Fig. 1) , which was called the 'complex sequence.' In both the scale sequence and the complex sequence each finger was used the same number of times. That these sequences differed significantly with respect to their complexity was reflected by different acquisition times (defined as the actual practice times necessary to reach the required performance level), as reported previously in detail .
Data acquisition
Sequences were played on an electronic piano (Yamaha pf85) which was connected to a laboratory Macintosh computer via a MIDI interface (MIDI translator, Opcode Systems, Inc., Palo Alto, Calif.). Special software (Vision 1.4, Opcode Systems) was used to record the name and timing (key press onset and duration) of each key pressed for further analysis. The EMG was recorded from surface electrodes placed over the bellies of the forearm flexor [flexor digitorum superficialis (FDS)] and extensor [extensor digitorum communis (EDC)] muscles. The EMG was sampled at 5000 Hz, the low-pass filter was 1500 Hz and the high-pass filter was 5 Hz (DANTEC Counterpoint electromyograph; DANTEC Medical A/S, Skovlunde, Denmark). A specially designed neck ground was used to minimize stimulus artefacts.
Experimental set-up
The subjects were seated comfortably in front of the piano. The right forearm and wrist and the middle part of the hand were held in a plastic splint. The splint was fixed on a small adjustable table directly in front of the piano. This arrangement provided complete immobilization of the wrist in all planes (flexion-extension, abduction-adduction, pronation-supination). Thus, for the performance of key presses, subjects had to make independent finger movements. The fingers were positioned over the respective target keys on the piano in a way that allowed the subjects to press each individual key by a simple flexion of the finger. No lateral finger movements were necessary and each finger always played the same key. Between key presses subjects rested their fingers in a slightly curled posture loosely on the target keys. After being informed which sequence to play, the subjects initiated each experimental run by the first key press. They were instructed to complete playing each sequence in spite of interference by rTMS, even if they felt they had made mistakes, and without replaying parts of the sequence where they felt that mistakes may have occurred, but instead to try to continue with the original order and time course of the sequence as recalled (as if no error had occurred).
During each experimental session, one investigator applied the rTMS and observed the subjects' motor behaviour, another investigator controlled the acquisition of the piano data, and a third investigator controlled and adjusted the stimulation parameters and monitored and recorded the EMG.
Transcranial magnetic stimulation
A repetitive magnetic stimulator (Cadwell Laboratories Inc., Kennewick, Wash., USA) with a water-cooled 8-shaped coil was used for rTMS. This device was used for experimental purposes under an Investigational Device Exemption from the Food and Drug Administration. Each loop of the coil measured 7 cm in diameter. The coil was held parallel to the subject's scalp, with the intersection of both loops of the coil perpendicular to the expected orientation of the central sulcus (Fig. 2) . The coil position was optimal for inducing a mild twitch in the first dorsal interosseous muscle of the performing hand. Accurate triggering of the stimulus was achieved using a Grass S48 pulse generator (Grass Instruments, Quincy, Mass., USA). With the first key press, a pressure transducer device was activated; it sent a transistor-transistor logic pulse to the pulse generator, which was set to generate pulse trains after an initial delay of 2000 ms. Intervals between key presses without rTMS interference were very regular (Fig. 3) . Therefore, stimulation consistently started after the fourth of the 16 key presses, usually with the onset of the fifth key press. In a few exceptions, subjects tended to play slightly faster than the metronome pace, which allowed five complete key presses before rTMS.
Stimulation parameters
The strength of an rTMS train is a function of the stimulus rate, train duration and stimulus intensity. Stimulation parameters strictly adhered to the safety guidelines published by our group . No adverse reactions occurred during the study. In the majority of cases, the stimulus rate was 15 Hz and the train duration was 2 s, which corresponds to a total of 30 stimuli. Exceptionally, a stimulus rate of 25 Hz was used to increase the stimulus efficacy in subjects with very high motor thresholds. In three subjects in experiment 1, the train duration was increased to 3 or 4 s. In three subjects in experiment 2, train duration had to be decreased to 1 or 1.5 s to obtain differential disruption of complex and scale sequences. In each of these subjects, the remaining rTMS parameters (either duration and intensity or rate and intensity) were readjusted to stay within limits considered to be safe.
So that the effects of rTMS on two sequences of different complexity could be compared, exactly the same parameters were used in each case. The actual stimulus intensity (stimulator output) was referred to each subject's right hand motor threshold and expressed as a percentage of this motor threshold (MT). Threshold was defined as the minimal output of the Cadwell stimulator capable of inducing five slight twitches of the index finger out of 10 single stimuli applied to the optimal scalp position for eliciting finger movements. Intervals between trains were 1 min or longer. Stimulus intensity was determined as follows. While the subject played the more complex sequence (scale sequence in experiment 1, complex sequence in experiment 2), the stimulus intensity over the M1 was increased stepwise until accuracy errors were detected. This procedure was repeated at least three times. Then, while the subject played the simple sequence, the stimulus was applied to the M1 using exactly the same stimulation parameters. Once the rTMS parameters had been set in this way, the order of playing the more and less complex sequences was changed at least three times to avoid order effects. Stimulus intensities between 80 and 120% MT were used.
Topographic distribution of stimulus effects
To investigate the topography of the disrupting effects of rTMS on finger sequences, stimuli were delivered randomly to the optimal scalp position for the performing hand (M1) and to the homologous location over the right hemisphere (ipsilateral M1). In addition, the scalp positions at F3, F4, P3 and P4 (international 10/20 system of electrode placement) were stimulated. This was done in experiment 1 for the scale sequence at the minimum stimulus strength that produced errors over the M1 selectively in the scale sequence but not in the simple sequence, and in an analogous way in experiment 2 for the complex sequence. The effects of rTMS applied to mesial scalp positions (e.g. overlying the SMA) have been reported previously in detail and, using much stronger stimuli than in the present study, Chen et al. (1997) have determined the effects of rTMS applied over the M1 ipsilateral to the performing hand during motor sequences.
Control experiments
The same group of subjects participated in four control experiments. The experimental set-up, data acquisition and data analysis were the same as in experiments 1 and 2.
Control experiment 1
The inter-session reproducibility of rTMS error induction was studied by repeating experiment 1 (scale sequence versus simple sequence) with six subjects. The intra-session reproducibility of rTMS effects over the M1 was studied in two subjects, who played the complex sequence 10 times consecutively while in each run rTMS was applied 2000 ms after the first note. A rest period of~1 min was allowed between the sequences. The minimum strength of rTMS necessary to disrupt the complex sequence, as described earlier, was used, and accuracy and timing errors were compared across trials.
Control experiment 2
The EMG activity produced by rTMS at the minimum stimulation strength necessary to disturb the complex sequence, but not the scale sequence, and its effect on performance were determined by recording the EMG from the right FDS and EDC muscles in seven subjects. The goal of this experiment was to determine if there were large-scale differences in the voluntary and evoked muscle activity associated with the different sequences.
The rTMS-induced EMG activity was quantified by calculating the area under the curve for 10 consecutive complex sequences (~1 min rest period between sequences) in one subject. These areas were correlated with the numbers of accuracy errors, timing errors and total errors (accuracy errors plus timing errors) on a trial-by-trial basis, using simple regression analysis. In two other subjects, the areas under the curve of the EMG of EDC and FDS during rTMS were compared for the scale and complex sequences.
Control experiment 3
To determine whether differences between the simple sequence and the scale sequence in experiment 1 were due to the fact that the index finger is much better trained for skilled movements and harder to disturb than the other fingers (which had to be used to play the scale sequence), the effects of rTMS on index finger tapping (simple sequence) were compared with its effects on fifth finger tapping (5-5-5-5-5-5-5-5-5-5-5-5-5-5-5-5) in one subject. Except for the use of the fifth finger rather than the index finger, all experimental conditions were the same as described earlier for the simple sequence.
Control experiment 4
To find out if peripheral mechanical interference exerts differential effects on scale and complex sequences similar to rTMS over the M1, we stimulated forearm muscles of the performing upper extremity in four normal subjects. The experimental setting was analogous to that of experiment 2, including sequences tested (scale versus complex), rTMS train duration (2 s), stimulus frequency (20 Hz) and timing of rTMS interference within the sequences. The magnetic coil was placed over the muscle belly of either EDC or FDS. Stimulus intensity was adjusted so as to produce a sustained EDC or FDS contraction during the stimulation period. In each subject the stimulus intensity was gradually increased until accuracy errors occurred in the complex sequence. Then subjects played the scale sequence under identical stimulation conditions. This was repeated three to five times, then the stimulation intensity was decreased so that the complex sequence could just be played without accuracy errors, and the scale sequence had to be played again under identical conditions. Accuracy and timing errors were analysed.
Control experiment 5
The purpose of this experiment was to determine if peripheral blockage or disturbance of sensory input during sequence performance causes effects similar to those induced by rTMS. This would suggest that rTMS over the M1 transiently blocks the sensory input to the M1 rather than M1 function itself. Auditory, visual and somatosensory feedback were blocked separately and all together. No rTMS was involved in this experiment, otherwise the experimental set-up was the same as that described earlier. Five normal subjects and one patient with pan-sensory neuropathy were studied. The patient, a 53-year-old woman, had a 23-year history of slowly progressive somatosensory loss in all distal extremities, resulting in severe pseudoathetosis. On examination she was areflexic, her gait was ataxic and she had truncal ataxia. She had normal muscle strength and was able to perform fine individual finger movements voluntarily. Sensory examination revealed absent joint position and light touch sensation; temperature sensation was normal and pain sensation was dull and non-localizable. Nerve conduction studies confirmed a severe sensory neuropathy with normal EMG and motor conduction studies. Median nerve somatosensory evoked potentials were absent bilaterally. Her serum contained monoclonal IgM (immunoglobulin M), and a diagnosis was made of an IgM paraproteinaemic sensory neuropathy.
Auditory feedback was prevented by switching off the piano sound, and visual feedback was blocked by holding a piece of opaque paper in front of the subject's eyes. Auditory and visual feedback were blocked temporarily for 2 s, exactly the amount of time that rTMS would have been delivered in experiments 1 and 2 (after the first four key strokes). Ischaemic nerve block was used to disturb reafferent sensory feedback in the normal subjects. A blood pressure cuff was placed proximal to the elbow and inflated to 20 mmHg above arterial blood pressure. Efficacy of the temporary deafferentation was controlled by monitoring vibration sense, position sense, touch, two-point discrimination and strength (see Results). For the highest possible degree of sensory feedback disturbance in the normal subjects, we combined ischaemic nerve block and transient blockage of auditory and visual feedback.
Control experiment 6
It was considered possible that the rTMS effects were due to interference with the function of the PMC, even though the coil was placed optimally for stimulation of the M1. If so, the differential rTMS effects observed in normal subjects should be absent or diminished if the PMC is damaged. To test this possibility, we studied a patient with a lesion of the PMC but an intact M1. The patient, a 44-year-old woman, had suffered an ischaemic stroke involving the left PMC, dorsolateral prefrontal cortex and frontal operculum at the age of 26. The initial symptoms included sensory deficit and paralysis of the face and the limbs on the right side of the body. On examination now, her fine motor skills were fully restored. She had normal strength throughout, normal tone, no reflex abnormalities and normal gait. Sensory examination revealed a marginally decreased sense of light touch throughout on the right side, but vibration thresholds and position sense were normal. We tested her in a setting analogous to that of experiment 2. However, considering the potentially increased risk of inducing epileptogenic activity in a lesioned brain, we used less strong rTMS parameters. Stimulus frequency was 10 Hz, train duration 1 s and stimulus intensity ഛ100% MT (MT for right-hand muscles was 57% of the stimulator's output, i.e. within normal limits). Accuracy and timing errors were analysed.
Data analysis
Two categories of errors in piano playing were analysed: accuracy errors (erroneous key presses) and timing errors (lengthening or shortening of intervals between key press onsets). To determine accuracy errors, each recorded sequence was compared with a correct sequence template and all key presses not matching the template were counted as errors. In addition all sequence recordings were inspected visually to describe the nature of the accuracy errors in more detail. For timing errors, mean (Ϯ SD) durations of intervals between key presses were calculated from the first four notes (before rTMS) of all sequences of the same type (e.g. scale sequence). The calculations were done separately for each subject and each experimental session to account for inter-and intraindividual variability. The inter-key press interval was defined as the time between the onset of one key press and the onset of the subsequent key press. Intervals exceeding the limits of mean Ϯ 3 SD were counted as timing errors.
Statistical analysis
The non-parametric Wilcoxon matched pairs test was used to compare the number of errors between the simple sequence and the scale sequence (experiment 1) and between the scale sequence and the complex sequence (experiment 2). A Bonferroni correction was used on multiple results from one data pool.
Analysis of variance (ANOVA) and the post hoc Scheffe test were used to compare the effects of stimulation over different scalp positions. A separate ANOVA was used to determine differences in the feedback prevention experiment. Differences were considered significant if P Ͻ 0.05.
Results

Experiment 1: simple versus scale sequence
The minimum strength of rTMS over the contralateral M1 that produced accuracy errors in the scale sequence was 113.8 Ϯ 5.2% MT (mean Ϯ SD, n ϭ 8). Stimulation at this strength produced significantly fewer accuracy errors in the simple sequence than in the scale sequence (P Ͻ 0.05, Wilcoxon) ( Fig. 4A and B ). An example of the original sequence patterns (Fig. 4A) shows that increasing the stimulus intensity by an additional 10% (relative to MT) resulted in disruption of simple index finger tapping as well. As a rule, within each subject accuracy errors were produced at lower stimulus intensities in the more difficult scale sequence. At stimulus intensities exceeding the minimum, accuracy errors occurred in both sequences but were more frequent in the scale sequence than in the simple sequence. Further augmenting the stimulus intensity appeared to blur the differential effect, because then a high number of errors occurred in both sequences. Figure 4C shows a stimulusresponse curve recorded in a different session which reproduced the same differential effect of rTMS over the M1 on the simple and scale sequences.
In this experiment, as well as in experiment 2 (see below), the predominant types of accuracy errors were omission of key presses in the sequence and repetition of a key press instead of pressing the next required key in the sequence. Less common errors were entirely wrong key presses or inverting the order of two subsequent notes (e.g. 5-3-4-2 instead of 5-4-3-2 in the scale sequence). 'Negative' errors (i.e. pressing fewer keys than required) and 'positive' errors (i.e. pressing extra keys) were similarly frequent (~60% negative errors and~40% positive errors).
Timing error analysis gave results similar to accuracy error analysis. At the minimum strength of rTMS necessary to example of selective disturbance of the scale sequence but not the simple sequence by rTMS over the M1 using exactly the same stimulus parameters (110% MT) for both sequences. Bottom: when rTMS intensity was increased (120% MT) the simple sequence was also disrupted. Arrows indicate accuracy errors. (B) Difference in the number of accuracy errors between the simple sequence and the scale sequence with minimum stimulus intensity required to disturb the scale sequence. Error bars ϭ 1 SE. (C) Stimulus-response curve. Errors in the scale sequence occurred at lower stimulus intensities (on average starting at 90% MT) than errors in the simple sequence (on average starting at 100% MT). With stimulus intensities of 90 and 100% MT the curves appear to be shifted in parallel, with higher error rates for the scale sequence. At this difference was no longer present. A large number of accuracy errors occurred in both sequences. MIN scale ϭ minimum strength rTMS that produced accuracy errors in the scale sequence.
produce accuracy errors in the scale sequence, the number of timing errors was significantly higher in the scale sequence than in the simple sequence (P Ͻ 0.05, Wilcoxon).
The ANOVA main effect for scalp position was significant (P Ͻ 0.0001). At the minimum strength of rTMS that produced errors in the scale sequence, contralateral M1 stimulation produced significantly more accuracy errors than stimulation over F3, F4, P3, P4 or the ipsilateral M1 (ANOVA, post hoc Scheffe test, P Ͻ 0.01) (Fig. 5A ).
Experiment 2: scale versus complex sequence
The minimum strength of rTMS over the contralateral M1 that produced accuracy errors in the complex sequence was 96 Ϯ 6.2% MT (n ϭ 8). Stimulation at this strength produced significantly more accuracy errors in the complex sequence than in the scale sequence (P Ͻ 0.05, Wilcoxon) (Fig. 6B) . To produce errors in the scale sequence, stimulus intensity had to be increased to 103 Ϯ 10% MT. An example of the original sequence patterns is shown in Fig. 6A . The pattern of timing errors was similar to that of accuracy errors. At the minimum strength of rTMS over the contralateral M1 that produced accuracy errors in the complex sequence, the number of timing errors was significantly higher in the complex sequence than in the scale sequence (P Ͻ 0.05, Wilcoxon).
The main effect for scalp position was significant (ANOVA, P Ͻ 0.0001). Contralateral M1 stimulation produced significantly more accuracy errors than stimulation over F3, F4, P3 or P4, or over the ipsilateral M1 (ANOVA, post hoc Scheffe test, P Ͻ 0.01) (Fig. 5B) .
Control experiments
Control experiment 1: reproducibility
Testing of inter-session reproducibility in six subjects showed that, as in experiment 1, stimulation at the minimum strength of rTMS over the contralateral M1 that produced accuracy errors in the scale sequence produced significantly fewer accuracy errors in the simple sequence than in the more difficult scale sequence (P Ͻ 0.05, Wilcoxon).
Testing of intra-session reproducibility in two subjects playing the complex sequence 10 times consecutively showed that repeated delivery of rTMS over the contralateral M1 at a strength that produced accuracy errors in the complex sequence resulted in accuracy and timing errors throughout the series of sequences. There was no significant difference in the number of accuracy or timing errors between the first and last five sequences.
Control experiment 2: EMG analysis
Visual inspection of the EMGs of seven subjects showed that areas under the curve for EDC were very similar for the example of selective disturbance of the complex but not the simple sequence with M1 stimulation using exactly the same stimulus parameters (100% MT) for both sequences. Bottom: when the stimulus intensity was increased (110% MT), the scale sequence was also disrupted (missing sixth key press). Arrows indicate accuracy errors. (B) Difference in the number of accuracy errors between the scale sequence and the complex sequence, with minimum stimulus intensity required to disturb the complex sequence. Error bars ϭ 1 SE. scale and complex sequences (see example in Fig. 7) . The EMG patterns were also comparable for consecutively played complex sequences (Fig. 8) . In this subject, the area under the curve was 153.5 Ϯ 37.85 (mean Ϯ SD) mV*ϫ ms for FDS and 189.0 Ϯ 45.25 mV* ϫ ms for EDC. The number of errors in each sequence was 2.1 Ϯ 1.2 (mean Ϯ SD) for accuracy and 2.1 Ϯ 1.37 for timing. The number of combined errors was 4.2 Ϯ 2.04. There were no significant trial-bytrial correlations for FDS EMG versus number of accuracy errors (R 2 ϭ 0.042), number of timing errors (R 2 ϭ 0.387) or number of combined errors (R 2 ϭ 0.088), and none for EDC EMG versus number of accuracy errors (R 2 ϭ 0.003), number of timing errors (R 2 ϭ 0.079) or number of combined errors (R 2 ϭ 0.024). Therefore, within a given sequence and with stimulation parameters kept constant, there was no correlation between the number of errors and the degree of associated muscle activity. Figure 8 shows five examples of the EMG patterns in the FDS for consecutively played complex sequences.
Control experiment 3: finger skill
There was no difference in the effect of M1 stimulation on the simple sequence played with the index finger versus the same sequence played with the little (fifth) finger of the same hand in one subject. At the rTMS strength needed to disturb little finger tapping, index finger tapping was also disturbed (stimulation at 110% MT).
Control experiment 4: peripheral stimulation
Direct peripheral muscle stimulation for FDS or EDC did not result in any differential effects on the scale and complex sequences. Whenever accuracy errors occurred at a given rTMS strength during performance of the complex sequence, there were also errors in the consecutively played scale sequence. With the use of identical rTMS parameters, the number of accuracy errors was 2.35 Ϯ 2.17 (mean Ϯ SD) for the complex sequence and 2.68 Ϯ 3.47 for the scale sequence (four subjects). The number of timing errors was 0.18 Ϯ 0.35 for the complex sequence and 0.33 Ϯ 0.39 for the scale sequence. When the rTMS strength was decreased by~5% of the stimulator's output, both sequences could be played without errors.
Control experiment 5: sensory feedback
With normal somatosensory feedback, there was no difference in the performance of the scale and complex sequences with or without auditory feedback, visual feedback or both.
Ischaemic nerve block induced a clinically evident sensory deficit after 6 Ϯ 1 (mean Ϯ SD) min, and could be tolerated for 12.8 Ϯ 1.9 min. During that time, subjects played the complex sequence repeatedly. From the fifth to the eighth key press of each sequence (i.e. when stimulation would have been applied in the original experiment), auditory feedback and visual feedback were also temporarily blocked. Neither type of feedback disturbance significantly impaired motor performance. Two-point discrimination decreased by 2.1 Ϯ 1.2 to 5.3 Ϯ 1.5 (mean Ϯ SD) mm. The time of vibration perception, measured with a tuning fork, was reduced by 12.6 Ϯ 4.6 (mean Ϯ SD) to 6.2 Ϯ 2.4 s. Temperature sense was markedly reduced in four subjects and completely absent in one subject in the last minute of ischaemia. During the last two sequences before the end of ischaemia, two of the five subjects experienced difficulties in executing individual finger movements. However, a clinically evident reduction of muscle strength was not detected in any of the subjects during ischaemia.
The patient with pan-sensory neuropathy had no increase in accuracy and timing errors and inter-key press intervals The area under the curve for rTMS-induced EMG activity and the number of accuracy errors are shown for each EMG trace. There was no significant change in the EMG patterns across the repeatedly played sequences and there was no significant correlation between error rates and EMG area under the curve. Arrows mark the EMG burst associated with the first key press; rTMS started 2000 ms after that.
on the scale sequence before, during and after temporary blockage of visual and acoustic feedback (fifth to eighth key press).
Control experiment 6: PMC stroke
The location and size of the ischaemic lesion are shown in Fig. 9 . At the minimum rTMS strength necessary to induce accuracy errors in the complex sequence (100% MT), the scale sequence could be played without errors. This was reproducible and independent of the order in which the two sequences were played (complex sequence first or scale sequence first). No timing errors occurred in this patient.
Discussion
The main result of the present study is a differential effect of rTMS over the M1 on the performance of finger sequences of different complexity. We favour the interpretation that the human M1 plays a greater role in the performance of complex finger movement sequences than in that of simple finger movement sequences.
Complexity of movement sequences
In the present study, the term complexity is used to describe different degrees of difficulty in playing the three sequences on the piano. The differences in complexity were reflected in the significantly different acquisition times necessary to reach the required performance level for each sequence . There is no clearcut definition of the term 'complexity' in motor control. Not only factors such as speed and accuracy and the involvement of different joints (Ghez et al., 1991; and muscles (Colebatch et al., 1991) but also different modes of movement preparation (Alexander and Crutcher, 1990a, b; Georgopoulos, 1994; Kawashima and Fukuda, 1994; or movement selection (Lang et al., 1989; Shibasaki et al., 1993; Sadato et al., 1996a) and the degree of experienced practice (Karni et al., 1995; PascualLeone et al., 1995) can make a movement more or less 'complex'. Therefore, complex movements in one study might be associated with cerebral activation patterns different from those associated with complex movements in another study, and to compare results of different experiments it is important to acknowledge the specific type of movement used. In the present study all sequences were overlearned, so that the accuracy had to be 100% in 10 subsequent prerTMS trials, and were always played with the right hand (which was kept in a consistent position for all conditions) with the same speed and rhythm.
In experiment 1 the simple and the scale sequences differed in that for the scale sequence different fingers had to be selected and sequentially used in a given order. They also differed in the total number of fingers engaged. Involvement of different fingers could be confounding, or might at least be considered a separate factor in modifying task complexity. First, the middle, ring and little fingers are usually less well trained than the index finger for skilled movements, and sequences engaging these fingers might be easier to disrupt than only index finger movements. To control for this possibility, we compared the effects of rTMS on simple index finger versus simple little finger tapping. There were no differences in performance, which suggests that after overlearning, this issue did not play a major role in our results (control experiment 3). Secondly, the use of more fingers could be associated with the use of a larger part of the M1. This potential increase of the stimulation target area could make the scale sequence more likely to be disrupted than the simple sequence, independently of the degree of complexity in terms of element selection and composition. For these reasons experiment 1 was not conclusive.
In experiment 2 we matched not only the number of fingers used but also the number of key presses per finger in each sequence to avoid the preferential use of certain fingers in different sequences. The scale sequence and complex sequence differed, therefore, mainly with respect to the order of key presses. The higher degree of difficulty in the complex condition resulted conceivably from a less natural flow of subsequent movements, involving transitions over one and two keys (3-5, 2-5) instead of only adjacent keys (5-4-3-2, 5-4-3-2) as in the scale sequence. An additional complexity element inherent in our paradigm was sequence length. Although each sequence consisted of 16 key presses, an alternative description of the sequence characteristics could be that the simple sequence consisted of one key press that was repeated 16 times, the scale sequence consisted of four key presses that were repeated four times, and the complex sequence consisted of 16 key presses played once for each trial. Based on PET data, Sadato et al. (1996a) concluded that the extent of (contralateral) primary sensorimotor cortex (SM1) activation was not correlated with sequence length. Using EEG techniques, Manganotti et al. (1998) found a significant increase in cortical activation in the contralateral sensorimotor cortex between a scale sequence (2-3-4-5) and a more complex sequence (2-3-4-5-2-4-3-5), but not between this complex sequence and two longer ones (consisting of 12 and 16 movements, respectively). Taken together, sequence length may play an additional role, but the previous and present results favour the interpretation that complexity in terms of movement selection and sequence composition was the main factor that distinguished the sequences in our experiment.
Motor cortex activation during performance of movement sequences
Our interpretation of the differential effect of rTMS on motor sequences gains support from fMRI results (Rao et al., 1993) indicating that complex sequential finger movements (tapping the tips of fingers 3-5-4-2 on a flat surface) are associated with greater activation of various cortical regions, including the contralateral M1, than simple finger movements (simultaneous tapping of fingers 2, 3, 4 and 5 on a flat surface). Mean tapping rates in that study were 2.2 Hz (complex sequence) and 2.9 Hz (simple sequence). When both movements were performed at the same rate the differences in cortical activation were even more pronounced. That movement rate critically affects the difficulty of a given sequence and the related cortical activation pattern has been demonstrated previously (Blinkenberg et al., 1996; Sadato et al., 1996b) and has prompted us to keep the movement rate constant (2 Hz) for all sequences.
Our interpretation also gains support from Neshige et al. (1988) and Ikeda et al. (1992) . In subdural EEG recordings they found that the slow negative electrical activity over both the SMA and the SM1 bilaterally was larger preceding complex movements than preceding simple movements. Shibasaki et al. (1993) used PET to compare simple simultaneous oppositions of the fingers 2-5 to the thumb with a more complex sequential finger opposition task (fingers 2-2-3-4-4-4-5-5 to the thumb and the reverse). Significantly higher increases in regional cerebral blood flow with complex finger movements occurred in the SMA and the ipsilateral SM1, and a trend towards higher regional cerebral blood flow values with complex movements was also observed in the contralateral SM1.
A number of studies in monkeys and cats have provided evidence that neurons in the non-human primate M1 vary their firing patterns not only in relation to the execution of simple motor commands but also in relation to changes of more complex variables, such as direction selectivity (Alexander and Crutcher, 1990a) , movement preparation during a postinstruction period (Alexander and Crutcher, 1990b) , static or dynamic load effects (Crutcher and Alexander, 1990) and the patterning of multijoint activity (Ghez et al., 1991; . Wise (1990, 1991) found a large population of trajectoryselective cells in the M1. Zhang et al. (1997) suggested that the M1 belongs to a distributed network such that its neuronal activity reflects the underlying network dynamics, which translates a stimulus representation into a response representation. Like the present findings, the results of these animal studies could be interpreted as indicating that the M1 is more than a purely executive motor area.
rTMS interference with cortical function
Magnetic stimulation can focally interfere with cortical function, as shown in studies involving the motor system (Amassian et al., 1991; Chen et al., 1997; Gerloff et al., 1997) , the somatosensory system (Cohen et al., 1991) , the visual system , language processing and memory (Pascual-Leone et al., 1991 Grafman et al., 1994) . The concept of rTMS interference comes closest to inactivation studies in animals or to some extent to the preoperative sodium amobarbital test (Wada's test), but has the advantage of being non-invasive and of much more discrete and limited duration. As opposed to functional imaging and EEG, which show activation of areas 'associated with' a certain task, inactivation techniques can identify areas that are 'necessary' for the successful completion of a given task . Using rTMS of various intensities, this approach can be extended from total to partial inactivation or gradual interference with the function of cortical areas. It is conceivable that the probability of inducing changes in task performance becomes higher the more necessary a stimulated area is and the higher the stimulus intensity is in a given paradigm. Therefore, if, when the M1 is stimulated at a certain intensity, a complex sequence is disrupted, but a less complex sequence can be performed without error, it is likely that the M1 is more involved in processing the complex sequence. This conclusion is based on the premise that the hand motor representation in the M1 was actually stimulated. In the present study, TMS-induced hand muscle activation was used to determine the optimal scalp position for stimulation, so that the M1 was certainly in the centre of the stimulation field. The absence of error induction when rTMS was applied over other areas indicated that our effects were focal and not a consequence of global attentional influences (cognitive load). Cognitive load may play a role (even though the sequences were overlearned) but the effect would need to be relatively focal in the motor cortex. Another issue, however, is whether the M1 was stimulated exclusively. The spatial accuracy of TMS is in the range of 1 cm with a small 8-shaped coil (Cohen et al., 1990; Brasil-Neto et al., 1992; Wassermann et al., 1996) , which makes it possible to stimulate even subsets of the M1 focally (Amassian et al., 1991) . The water-cooled rTMS coil used in the present study is somewhat larger and stimulates less focally than the small coil. We cannot a priori exclude the possibility that adjacent areas such as the primary sensory cortex (S1) or lateral PMC (area 6) were within the stimulation field when the coil was placed over the M1 position.
Interference with sensory processes?
Stimulation over the M1 could cause 'functional disconnection' of the M1 from sensory input or it could disturb feedback processing in the S1 directly. The deafferentation experiments (control experiment 5) suggest that peripheral sensory input was not crucial for successful performance of the overlearned sequences under the given experimental conditions. It therefore appears unlikely that the sequence errors were caused by disruption of sensory feedback. Subtle interferences of rTMS with sensory processing cannot be completely ruled out because peripheral deafferentation can only be partially comparable with cortical stimulation close to the somatosensory cortex. It should be mentioned that in the experiments with ischaemic nerve block, the time interval required to induce sensory deficits during ischaemia was relatively short. This was probably related to the presence of motor activity (key presses), during which oxygen consumption within the performing and ischaemic upper limb is higher than it is with the muscles at rest (Brasil-Neto et al., 1993; Rossini et al., 1994) . The good performance of the patient with sensory neuropathy is in line with the data of Cole and Sedgwick (1992) , who pointed out that their patient with sensory neuropathy could maintain a repetitive finger movement (button presses at 0.5 Hz) for a minute with 'little falling off in accuracy with eyes shut'.
Interference with PMC function?
The PMC (lateral area 6) is densely and reciprocally interconnected with area 4 and is topographically adjacent to it (Pandya and Vignolo, 1971; Matelli et al., 1986) . The somatotopy of the PMC lies roughly parallel to that of the M1 (Godschalk et al., 1995) . It plays an important role in the preparation for and sensory guidance of movements (Wise, 1985; Kurata and Wise, 1988; di Pellegrino and Wise, 1993) and in motor sequence organization (Mushiake et al., 1991; Halsband et al., 1993; Sadato et al., 1996a) . This is especially true for the PMC in the right (ipsilateral) hemisphere even if finger sequences are performed with the right hand (Sadato et al., 1996a) . In the present experiment, stimulation over the right (ipsilateral) M1 position had no effect on sequence performance. This indicates that, although the right PMC is involved in sequence processing, its function was probably not significantly disrupted by rTMS at the intensities used. It seems unlikely that under the same circumstances with stimulation over the left (contralateral) M1, the function of the left (contralateral) PMC could be more effectively disrupted than the function of the left M1 itself.
This interpretation gains support from the following observations. (i) According to invasive stimulation data in experimental animals, stimulus thresholds sufficient to elicit responses by intracortical electrical stimulation are higher in the PMC than in the M1 (Weinrich and Wise, 1982; Stepniewska et al., 1993) . (ii) In order to postulate that the PMC is the major target of stimulation when the coil is held over the M1 position, it is necessary to assume that there is a considerable spread of the 'effective' magnetic field over more than 1-2 cm (which is rather unlikely due to the decline of field strength as a cubic function of the distance from the coil's centre). If this were true, stimulation over positions anterior to the M1 (F3 and F4) should also result in concomitant stimulation of the PMC. Stimulation over F3 and F4 did not cause sequence disruption. (iii) We observed the same differential rTMS effects on movement sequences of different complexity in a patient with a lesion of the left PMC but an intact M1. Nevertheless, due to the technical limitations of a non-invasive stimulation technique such as rTMS, it cannot be completely ruled out that some interference with PMC function or with the interaction of PMC and M1 contributed to our results.
Orthodromic or antidromic remote effects of local application of rTMS via corticocortical connections or even through loops involving basal ganglia or the thalamus are theoretically possible, but are rather unlikely to contribute to the present results. For example, if the SMA had been antidromically stimulated to a significant extent, we would have expected another timing pattern (later onset and offset) of the disturbance effect, as demonstrated previously with stimulation applied directly over the region of the SMA . Given that there are numerous corticocortical connections between frontal or parietal areas and the M1, stimulation over F3 or P3 should have induced a significant number of sequence errors as well, which was not the case.
Influence of electromyographic or mechanical variables on sequence disturbance?
Different finger movement sequences might be associated with largely differing amounts of voluntary EMG activity, due for instance to the use of a different number of fingers, as in experiment 1. In experiment 2, we matched the number of fingers and the number of key presses per finger in the scale and complex sequences. EMG recordings from surface electrodes over two forearm muscles (FDS, EDC) did not point to gross differences in the voluntary or rTMS-induced EMG patterns for the scale and complex sequences (control experiment 2). More subtle differences in EMG patterns between the scale and complex sequences cannot be ruled out, and thus we have to confine our present conclusions to the level of key press series analysis and representative surface EMGs.
Stimulation of forearm muscles at a peripheral level (control experiment 4), caused mechanical interference with finger mobility, but did not induce a differential effect. This approach is relatively coarse, since the peripherally induced muscle contractions are not exactly comparable with cortically evoked MEPs. However, it shows that not just any kind of mechanical interference selectively disrupts the complex sequence. This is further supported by the observation that errors in the complex sequence were not necessarily preceded by muscle twitches.
Conclusion
The present findings suggest that the human M1 plays a greater role in the performance of complex than of simple finger movement sequences. One possible explanation could be that the human M1 is not only an executive motor area but also a region which participates in movement sequence organization.
